Abstract: Sorghum is a potential energy crop thanks to its high biomass productivity and low input. Biomass yield in sorghum is defined by height and maturity. To develop molecular breeding tools for genetic improvement of these two traits, we have identified simple sequence repeat markers linked to height and maturity using a pool-based association mapping technique. The sorghum mini core collection was evaluated across five environments for height and maturity. Seven tall and seven short accessions were selected based on their height in all environments. Likewise, six early-and 10 late-maturing accessions were selected mostly based on their maturity in two post-rainy seasons. Two additional height pools were constructed based on phenotypes in one environment. The three pairs of pools were screened with 703 SSR markers and 39 polymorphic markers were confirmed by individual genotyping. Association mapping of the 39 markers with 242 accessions from the mini core collection identified five markers associated with maturity or height. All were clustered on chromosomes 6, 9, and 10 with previously mapped height and maturity markers or QTLs. One marker associated with both height and maturity was 84 kb from recently cloned Ma1. These markers will lay a foundation for identifying additional height and maturity genes in sorghum.
Introduction
Sorghum (Sorghum bicolor (L.) Moench) has been proposed as a model to study C 4 grasses as a potential energy crop (Carpita and McCann 2008) . It is a recognized biomass crop suitable for biofuel production because of two critical factors: high biomass production and efficient water use.
Compared to other potential energy crops, sorghum can produce much more dry biomass with limited input (see Vermerris 2008) . Sorghum biomass productivity is highly and positively correlated with maturity (days to 50% flowering) (Haussmann et al. 2002) and height (Murray et al. 2008b; Ritter et al. 2008; Zhao et al. 2009 ), which, in turn, is highly correlated with maturity (Kebede et al. 2001; Ali et al. 2008; Ritter et al. 2008; Upadhyaya et al. 2009) . Because of such a high correlation between height and biomass yield, a quantitative trait locus (QTL) for total dry biomass has been found to co-localize with height QTLs on chromosomes 7 and 9 in sorghum Murray et al. 2008b) .
In addition to producing more biomass, taller sorghums have other advantages as well. First, they tend to have thicker stems (Ayana and Bekele 2000; Elangovan et al. 2007; Makanda 2009 ) with higher sugar content (Ritter et al. 2008) . It is thus not surprising that a marker tightly associated with height was also tightly associated with sugar content (Murray et al. 2009 ). Second, under warm and humid environment during grain maturation, taller varieties are less likely to develop grain mould (Klein et al. 2001) . Third, taller varieties may also produce a better ratoon crop because height is significantly correlated with regrowth fresh biomass (Murray et al. 2008b) . And lastly, because height is also independent of stem structural composition, i.e., cellulose, hemicellulose, and lignin content (Murray et al. 2008b ), a variety with thick and tall stems can be bred to contain more cellulose and less lignin. In maize, plants do compensate low lignin with higher hemicellulose content, although drastically reduced lignin content significantly stunts plant growth (Vermerris et al. 2010) . Some tall sorghums may be prone to lodging, but this is not always a case (Rooney 2004; Murray et al. 2009 ). To improve sorghum biomass yield through manipulation of height or maturity, it is imperative to identify genetic markers linked to or genes underlying height and maturity to facilitate molecular breeding.
Height is one of the most extensively studied traits in sorghum. Genetic linkage mapping studies have shown that sorghum height is controlled only by a few major QTLs (reviewed by Salas Fernandez et al. 2009 ) with high heritability (0.83-0.95; Murray et al. 2008b; Ritter et al. 2008) . Because of this, many studies have focused on height as an indirect way to identify genes related to biomass yield (Salas Fernandez et al. 2009 ). An earlier genetic study has found four loci affecting sorghum height: Dw1, Dw2, Dw3, and Dw4 (Quinby and Karper 1954) . Only Dw3 (SbPGP1 hereafter) has been cloned to date. It encodes a P-glycoprotein that regulates polar auxin transport and is orthologous to the maize br2 (Multani et al. 2003) . SbPGP1 also co-localizes with a height QTL on chromosome 7 (Brown et al. 2006; Murray et al. 2008a Murray et al. , 2008b . Progress on identifying the other three has been made. Dw2 has been found to be associated with a QTL on chromosome 6 (Feltus et al. 2006; Klein et al. 2008; Mace and Jordan 2011) . Dw1 and Dw4 have not been genetically mapped conclusively to a linkage group, although another QTL (Sb-HT9.1) for height has been mapped on chromosome 9 . Additional height markers were also mapped to chromosome 9 (Murray et al. 2008a (Murray et al. , 2008b Wang et al. 2012) close to Sb-HT9.1. In total, linkage mapping has identified 32 markers linked to sorghum height and maturity that can be physically localized on sorghum chromosomes Kebede et al. 2001; Klein et al. 2001; Feltus et al. 2006; Ritter et al. 2008; Mace and Jordan 2011) .
Association mapping, which maps QTLs based on linkage disequilibrium, has been employed to map plant height in sorghum. Compared to genetic mapping that uses a population generated from two parents, association mapping uses a collection of varieties and generally provides higher resolution (Collins and Morton 1998; Yu and Buckler 2006) . This mapping method has been extensively used in plants and humans. Using this method in sorghum, Brown et al. (2008) mapped the aforementioned Sb-HT9.1 on chromosome 9 with a panel of 377 sorghum varieties and 49 SSR markers. Five more markers (pSB0945, Xgap72, Xtxp343, Xtxp265, and pSB0301) associated with height were found by Murray et al. (2009) in a panel of 125 genotypes with 47 SSR and 322 SNP markers. Among these, pSB0945 was on chromosome 9 and Xgap72 and Xtxp265 were on chromosome 6 (Murray et al. 2009 ), which supports published QTL studies Pereira and Lee 1995; Brown et al. 2006; Feltus et al. 2006) .
A variation of the above association mapping technique uses a pool-based two-stage method first described for association mapping of complex human diseases by Arnheim et al. (1985) . The method has since been extensively used in association mapping of complex human conditions such as cocaine addiction (Drgon et al. 2010) , nicotine dependence (Lind et al. 2010) , and addiction to heroin (Nielsen et al. 2010) , and it has been tested in sorghum (Wang et al. 2011 (Wang et al. , 2012 . The method is similar to DNA pooling in QTL mapping using bi-parental mapping populations as effectively demonstrated by Sun et al. (2010) . In this method, genotypes with contrasting phenotypes (e.g., tall or short) will form two pools. Those in the tall pool will all be tall and those in the short pool will all be short. Both pools of DNA are then screened with markers and polymorphic markers are repeated in all individual genotypes. This confirmatory individual genotyping may also be extended to other individuals not in the initial pools (Sham et al. 2002) . Confirmed markers are then used to genotype all accessions in a mapping panel to test the trait-marker association. In this study, we used this method with 703 SSR markers and height and maturity data of the sorghum mini core collection (Upadhyaya et al. 2009 ) from five environments to further validate the utility of the poolbased mapping method in sorghum by identifying markers associated with height and maturity. These markers will be useful to improve sorghum biomass yield using markerassisted selection (Xu and Crouch 2008) .
Materials and methods

Plant materials
Two hundred and forty-two accessions from the sorghum mini core collection described by Upadhyaya et al. (2009) were evaluated in three rainy season (denoted as 2008R, 2009R, and 2010R) and two post-rainy season (denoted as 2005PR and 2009PR) environments. The 2005PR data were from Upadhyaya et al. (2009) . The experiment was sown in an alpha design with two replication, except 2010R when three replications were used. Each plot was single-row, 4 m long, with a row-to-row spacing of 75 cm, and plant-to-plant spacing within a row of 10 cm. Ammonium phosphate was applied at the rate of 150 kg/ha as a basal dose, and 100 kg/ha of urea was applied as top dressing 3 weeks after planting. Two to three irrigations in the rainy and five in post-rainy seasons (each with 7 cm water) were provided to support the crop. For the post-rainy season environments, five irrigations (each with 7 cm water) were provided at equal in-tervals until grain maturity. All accessions germinated well and produced panicles. Plant height was measured of the main stalk at 50% flowering and presented as a mean of five randomly selected plants. Days to 50% flowering was used as a measure of maturity and was measured by the number of days from the 50% seedling emergence to the date when 50% plants had started flowering.
DNA isolation and genotyping
Leaves from one plant for each field-grown accession were harvested and dried at room temperature. Total genomic DNA was isolated based on Klein et al. (2000) and Williams and Ronald (1994) with modifications. Dried leaves were cut into small pieces (about 2 mm 2 ) and placed into a 1.5 mL microcentrifuge tube followed by 1.4 mL of extraction buffer containing 100 mmol/L Tris pH 8.0, 10 mmol/L EDTA pH 8.0, 700 mmol/L NaCl, and 12.5 mmol/L potassium ethyl xanthogenate (PEX). Samples were incubated at 65°C for 30 min with occasional mixing in a dry heat block before centrifugation at 15 000g for 5 min. After centrifugation, the 700 µL supernatant was transferred to a new 1.5 mL tube containing 700 µL isopropanol and 70 µL of 3 mol/L sodium acetate pH 5.2, mixed, and centrifuged again at 15 000g for 5 min. The precipitated DNA was washed twice with 70% ethanol, air dried, and resuspended in 70 µL water containing 100 ng RNase A for at least 30 min at room temperature. The samples were centrifuged again at 15 000g for 5 min to remove impurities. The supernatant containing DNA was transferred to a new tube and quantified in a NanoDrop 2000 (Thermo Scientific, Waltham, Mass.). DNA concentration was adjusted to 40 ng/µL for all PCR reactions.
To construct pools, accessions from the mini core collection were ranked based on height and maturity in all five environments. In order for accession to be included in the tall pool, it had to rank high in all five environments. The short pool consisted of accessions ranked low in each of the five environments. Accessions for the early-and late-maturity pools were selected only based on days to 50% flowering in the two post-rainy seasons, 2005PR and 2009PR. Again, only those ranked high or low across both environments were selected. For height pools specific to 2009PR, the top and bottom nine accessions were used to construct the tall and short pools, respectively.
To screen the pools with genetic markers, 703 SSR markers were randomly selected from the 15 194 SSRs identified in the genome sequence by Paterson et al. (2009) , and the primers were synthesized by Eurofins MWG Operon (Huntsville, Ala.) (see Wang et al. 2012 for primer sequences). PCR was performed in a 5 µL reaction volume containing 2.5 µL of 2× 360 AmpliTaq Master Mix (Applied Biosystems (ABI), Carlsbad, Calif.), 10 ng each of the two primers, and 40 ng DNA. Thermocycling was initiated with 95°C for 5 min followed by 30 cycles of 95°C for 20 s, 56°C for 20 s, 72°C for 1 min, and final extension of 72°C for 7 min in either an ABI 2720 or Veriti thermocycler. The PCR samples were electrophoresized in a LabChip Microfluidic Gel Electrophoresis System (LabChip 90; Caliper Life Sciences, Hopkinton, Mass.) with 1 K DNA Assay Kit according to the manufacturer's protocol. Before loading into the LabChip 90, the total PCR reaction volume was adjusted to 15 µL with sterile water for all samples. The default setting for LabChip 90 was used, except for the sipper height which was adjusted to 1 mm. PCR product size and virtual gel image were generated automatically using LabChip GX 2.3 software (Caliper Life Sciences). Markers polymorphic between the pools were further confirmed in all eight selected accessions that make up the two pools according to Sham et al. (2002) . Genotyping of all accessions with selected SSR markers was performed following the same procedures.
Association mapping
SSR markers polymorphic between accessions of the two pools were used in association mapping. Marker-trait associations were calculated using mixed linear models (MLM; ) as implemented in TASSEL 3.0 (Bradbury et al. 2007 ; http://www.maizegenetics.net/). MLM was controlled for population structure generated from STRUCTURE 2.3 (Pritchard et al. 2000 ; http://pritch.bsd.uchicago.edu/structure. html). The number of groups/subpopulations (k) was tested between 1-12 when running STRUCTURE. The k value at which the posterior probability (Ln P(D)) plateaus, as described in Casa et al. (2008) , was used for association analysis. STRUCTURE was run with the admixture model, a burn-in period of 10 000 and 10 000 Markov Chain Monte Carlo repetitions as described by Evanno et al. (2005) . The kinship matrix was generated in TASSEL for MLM analysis. Significance of associations between loci and traits will be based on an F-test with p values calculated by TASSEL.
Marker localization
SSR markers associated with height or maturity were localized to the sorghum chromosomes based on Paterson et al. (2009) . Markers previously identified as linked to height or maturity in sorghum were localized to the genome based on sequence information of relevant markers provided in Map Viewer in the NCBI Web site (http://www.ncbi.nlm.nih. gov/mapview/). For pSB RFLP markers, sorghum marker sequences available from Map Viewer were searched against the sorghum genome presented in http://www.plantgdb.org/ SbGDB/, http://www.phytozome.net/sorghum, or http://genome. jgi-psf.org/ to determine their physical locations (these Web sites were also used to search for candidate genes close to markers identified in this study). For RFLP markers with sequence from other grasses, the sequence was used to search the sorghum nucleotide and EST database in GenBank. Top-match sorghum sequence was then used as above to place that marker. For SSR markers, if their position was not given in Map Viewer, their primer sequences were then used to search the genome database in http://www.phytozome. net/sorghum for physical localization. Alternatively, chromosome location of some SSR markers was provided by Ramu et al. (2010) . Maps that also identified markers linked to height but for which sequencing information of these markers were not available in Map Viewer were not used in this study. Maps used were those in Map Viewer from Chittenden et al. (1994) , Peng et al. (1999) , Bhattramakki et al. (2000) , Kong et al. (2000) , and Bowers et al. (2003) . Maps of chromosomes based on the physical distances in mega base pairs (Mb) were drawn using MapDraw 2.2 by Liu and Meng (2003) .
Results and discussion
Phenotypic correlation
To evaluate genotype performance of the mini core collection across all environments, Pearson's correlation was calculated for each trait among the different growing environments and between plant height and maturity. Height and maturity measured in 2008R, 2009R, and 2010R were highly correlated with each other, especially maturity. Correlation between the two post-rainy seasons was low and even lower between the rainy and post-rainy environments. The last was especially true for maturity; higher correlations were found in height (Table 1) .
Height and maturity were highly correlated as expected. Except a lower but still significant correlation in 2010R, correlation between height and maturity was high and significant in all other environments (Table 2 ). This suggests that tall plants mature or flower late, whereas early-maturing plants are mostly short. This result agrees with that of Ali et al. (2008) It seems that correlation coefficient between height and maturity is much lower when RILs from genetic crosses are used. This may be because not all genetic variations were captured in one genetic cross.
Construction of DNA pools and marker screening
Selection criterion for the tall pool was that an accession had to be in the top 20% height across all five environments. , the top nine varieties were selected for the tall pool and the bottom nine varieties were selected for the short pools, except for IS-30572. IS-30572 was not ranked among the bottom nine but was in the bottom 40%. It replaced IS-30838 which was ranked among the bottom nine in 2009PR but the top 50% in height in the four rainy season environments. The tall and short and early and late pools were then screened with the 703 SSR markers as described below.
Screening with the SSR markers produced 78 polymorphic markers between the tall and short DNA pools, 82 polymorphic markers between the early and late-maturity pools, and 116 polymorphic markers between the two 2009PR-specific height pools. To conduct the confirmatory individual genotyping, four accessions were further selected from each pool based on their phenotypic values, i.e., the four tallest accessions were chosen from the tall pool and the four shortest from the short pool. The eight accessions representing the two extremes of each trait were genotyped with all polymorphic SSR markers. For height, this winnowed the 78 down to 9 markers that could clearly identify the phenotypes of at least seven of the eight genotypes. Similarly for maturity, 11 markers were identified from the 82 polymorphic SSRs. For the 2009PR-specific height pools, 19 markers were selected from the 116 polymorphic SSRs. So a total of 39 SSR markers were used to genotype all 242 accessions for association mapping.
Association mapping
Associations of the 39 SSR markers with height and maturity were analyzed using TASSEL 3.0. MLM model was used in the association analysis. The true number of subpo- pulations (k value) was tested with 29 markers with k varied from 1 to 12. The result showed that when k = 4, the posterior probability (Ln P(D)) was the highest and plateaued at a higher k. True k was found to be 5 in a simulation study (Evanno et al. 2005 ) and this number was used in tomato association mapping (Mazzucato et al. 2008 ) and soybean population structure study (Lam et al. 2010) . Therefore, we used k = 4 for our MLM analysis. To be more conservative in identifying markers associated with height and maturity, p values ≤ 0.01 from the MLM model were presented together with associations of markers with p values higher than 0.01 but less than 0.05. This allows us to show the pattern of association across the environments (Table 3) . Because of the close correlation between height and maturity in the sorghum germplasms (Table 2 ; Ali et al. 2008) , markers identified in the height analysis can be tightly associated with maturity and vice versa. In order for a marker to be selected, it had to be associated with a trait in at least two environments and the p value of at least one association had to be lower than 0.01. In all, five markers linked to height and maturity were identified; two of them were linked to one of the traits across at least three of the five environments (Table 3) . 4-162 was linked to maturity and height in four and three environments, respectively, and 39-1833 to both traits in three environments each. The other three markers were associated with height in 2-3 of the five environments. Of the three markers, 40-1897 and 44-2080 were among the four markers previously identified as linked to height (Wang et al. 2012) .
Some associations were stronger than others. The strongest associations were found between 39-1833 and maturity, and between 4-162 and maturity. 39-1833 was associated with maturity in 2008R with a p value of 0.000062 and its association with maturity was also significant in 2009R and 2010R. Similarly, 4-162 was associated with maturity in 2008R and 2010R with p values of 0.00072 and 0.00027, respectively. Association of both markers with height was less strong, with p < 0.01 in only one environment for each marker (Table 3).
Physical mapping
The five markers were placed onto sorghum chromosomes together with other markers linked to height and maturity in previous studies. As mentioned earlier, there were 32 markers genetically linked to height and maturity that could be placed onto sorghum chromosomes. Together with the five markers linked to height identified by Murray et al. (2009) , 37 genetic markers with known chromosome location are linked to height and maturity in sorghum. These markers were not equally distributed: 10 on chromosome 6, seven on chromosome 9, five on chromosome 1, four on chromosome 2, and three each on chromosomes 4, 7, and 10. The distribution of the five markers identified in this study follow a similar pattern: two on chromosome 6, two on chromosome 10, and one on chromosomes 9 (Fig. 1) .
Most markers were reasonably close to height and maturity markers or QTLs identified in previous studies (Fig. 1) . On the most extensively mapped chromosome 6, 39-1833 was 1.25 Mb from Xgap72 which was one of the five markers identified by Murray et al. (2009) linked to height. Xtxp568 and Xtxp547 were linked to height, maturity, Brix, and sugar yield QTLs by Ritter et al. (2008) and were placed between Xgap72 and Xtxp265 (at 51.17 Mb, not shown in Fig. 1 ) by Mace and Jordan (2011)-Xtxp568 and Xtxp547 could not be physically placed on chromosome 6 owing to a lack of sequencing information. Xgap72 was also closely linked with Ma1 on chromosome 6, which has the largest impact on maturity of all the six maturity genes (Mace and Jordan 2011) . This is in agreement with Paterson et al. (1995) that Ma1 is located between pSB095 and pSB428a but closer to pSB428a and partially overlaps with the QTLs mapped by Ritter et al. (2008) . Ma1 has been cloned recently (Murphy et al. 2011) , and it was located between 40.28 and 40.29 Mb, about 1.15 Mb to Xgap72 and 84 kb to 39-1833. More interestingly, QTLs for 16 traits including biomass yield, stem and grain harvest indices, and maturity may all be within this region mapped by Murray et al. (2008a Murray et al. ( , 2008b , based on the position of Xtxp6. Similarly, QTLs for maturity and height mapped by Shiringani et al. (2010) is also likely within the region. This is based on their anchor marker Xtxp17 located at 58.25 Mb, close to pSB421 but not shown in Fig. 1 owing to the fact that chromosome 6 ends at 62.20 Mb (Paterson et al. 2009 ). Further studies are needed to investigate these hot regions for height and maturity QTLs on chromosome 6.
On chromosome 9, 44-2080 was less than 10 kb from Sb-HT9.1, a height QTL mapped by Brown et al. (2008) through high-resolution association mapping using SSR markers, and about 400 kb from pSB945, which was most tightly (with lowest p value) linked to height among all five markers identified by Murray et al. (2009) . Although the region of 44-2080 was flanked by Sb-HT9.1 and pSB945, no other QTLs have been mapped to this region. However, the fact that three markers tightly linked to height are all located within the same region of 710 kb suggests that the underlying gene is probably close by. On chromosome 10, marker 4-191 was about 50 kb from Xrz143.3, which was linked to two over- 2009R, 2010R, 2005PR, and 2009PR, respectively. lapping maturity QTLs (Hart et al. 2001) . Marker 4-162 was about 1 Mb from the maturity QTLs QDTFL3_10 and QDTFL4_10 mapped by Crasta et al. (1999) , based on physical and genetic distance from Mace and Jordan (2011) .
Known height or maturity genes close to linked markers
The current results demonstrate that the five markers identified in this work are clustered with height or maturity markers or QTLs mapped in other studies. Therefore, the vicinity of the markers was examined to search for gene homologs that are known to regulate plant height and maturity. Those gene homologs were found through BLAST search (Altschul et al. 1997) and have been shown to affect height and maturity in plants.
For example, photoreceptors are known to regulate flowering in plants (Endo et al. 2007 ). At 0.17 Mb from 40-1897 on chromosome 6 there is a homolog 40% identical and 64% similar to Arabidopsis FAR1 (far-red-impaired response 1) that participates phyA-mediated light response. far1 mutants flower early, with only about half as many rosette leaves as wild type at the start of flowering (Li et al. 2011) . The sorghum homolog was localized to the position based on a cDNA sequence (accession CD209023) and no corresponding gene was annotated in the genome. Another FAR1 homolog 34% identical and 53% similar to the Arabidopsis FAR1 was about 18 kb from 4-191 on chromosome 10. The photoperiod response gene Ma1 (SbPRR37) suppresses flowering by activating the floral inhibitor CONSTANS and repressing the floral activators Early Heading Date 1, FLOWERING LOCUS T, and Zea mays CENTRORADIALIS 8 (Murphy et al. 2011) . SbPRR37 is about 84 kb from 39-1833, the closest to the gene among the 703 markers analyzed in this study. A second class of genes that regulate height and maturity was related to hormone homeostasis. On chromosome 9, GA2-oxidase, which inactivates active gibberellins, was 50 kb from Sb-HT9.1, 40 kb from 44-2080, and 0.38 Mb from pSB945. In tobacco, overexpression of GA 2-oxidase was found to reduce height by 86% (Biemelt et al. 2004) and 25% (Dayan et al. 2010) , and in poplar, the reduction was 4-fold (Busov et al. 2003) . Thus close to the identified markers there are homologs of known genes that regulate height or maturity in plants. The next step is to carry out association mapping with these genes and if their association with height or maturity is confirmed then their function could be tested through genetic transformation of sorghum and Arabidopsis.
Based on a study on bi-parental mapping by Sun et al. (2010) , using one marker per 2-5 cM of the genome and a population size of 250 will detect QTLs that explain over 7% variation with over 70% detection power. Although association mapping has considerably higher resolution than linkage methods (Collins and Morton 1998) , markers identified in this study are most likely linked to major QTLs. To identify more minor QTLs, localized or genome-wide high-density mapping with more markers and larger panels will have to be used. Localized high-resolution association mapping with more markers has been demonstrated by Brown et al. (2008) which refined the position of Sb-HT9.1 to 57.21 Mb based on preflag leaf height. As mentioned above, Sb-HT9.1 is about 50 kb from GA2-oxidase. As only 13 markers were used across a 7 Mb region surrounding the QTL, it is possible that more markers would further narrow down the candidate region. Doubling the population size from 250 to 500 increases detection power of QTLs that explains over 2% variation from 50% to 70%. Localized high-resolution mapping is under way for selected regions described in this study. Fig. 1 . Chromosome location of markers linked to height and maturity in sorghum. For each chromosome, on the left are physical positions of markers/genes in mega base pairs (Mb) and on the right are SSR and RFLP markers and candidate genes. Markers previously mapped to height and maturity and genes or QTL known to control height and maturity in sorghum are cited with sources in parenthesis. H/M in parenthesis: H, marker/gene linked to height; M, marker/gene linked to maturity; H/M, marker/gene linked to both. Open/closed bars to the right of the chromosomes represent mapped maturity/height QTLs from previous studies. Not drawn to scale relative to the whole chromosome but to scale for the physical positions shown.
Conclusion
In this study, height and maturity loci in sorghum have been mapped using a pool-based association mapping strategy with 703 SSR markers and phenotypic data from five environments. The association panel was a sorghum mini core collection developed from 22 473 landraces. In all environments, height was positively correlated with maturity at the 0.001 level in the mini core collection, confirming previous studies also using sorghum germplasm collections. Five markers were identified as linked to height and maturity in more than two environments. Among the five, two were associated with height and maturity each in at least three environments. All the markers were either clustered with markers previously linked to height and maturity based on their chromosome locations or were colocalized with previously mapped height-related QTLs in sorghum. One of the two markers, 39-1833, was highly associated with height and maturity and was 84 kb from the newly cloned photoperiod response gene Ma1/SbPRR37. The results further validate the utility of pool-based association mapping in sorghum. The markers identified in this study will lay a foundation for identification and cloning of height and maturity genes in the near future.
